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ABSTRACT
Estuaries are essential coastal ecosystems facing the threat of coastal acidification due to
the anthropogenic burning of fossil fuels and eutrophication. Total alkalinity is a measure of the
buffering capacity in an ecosystem and is commonly comprised of both inorganic and organic
species. While the contribution of inorganic species to the total alkalinity of an ecosystem is well
understood, the contribution of organic alkalinity has been understudied. This investigation
looked to outline the behavior of organic alkalinity during estuary mixing and identify organic
pKas through Gran + Whole titrations. Freshwater endmember samples were collected from 8
estuaries of the Gulf of Maine, spanning from Maine, U.S.A to New Brunswick, Canada, in
October of 2019. The endmember samples were serially diluted with certified reference material
to simulate estuary mixing. The results of this investigation highlighted the non-conservative
mixing behavior of organic alkalinity with increasing salinity. An extreme variability of organic
alkalinity was documented in the low salinity region of estuary mixing and may be due to colloid
particle and organic acid interactions. Varying organic alkalinity equivalence point calculations
yielded evidence of the presence of organic species with low pKas that must be accounted for in
organic and total alkalinity calculations. To better include these low pH pKa species in different
estuary environments, the 4.5 equivalence point definition commonly used during titrations for
determining alkalinity needs to be re-evaluated. These findings improve the understanding of
organic alkalinity behavior during estuary mixing and its contribution to the total alkalinity of the
system. Without this inclusion of organic alkalinity in total alkalinity determinations, the use of
carbonate system models will experience bias in predicting the resilience of estuaries to future
coastal acidification.
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INTRODUCTION
Acidification of the world’s oceans has been widely studied. The concentration of carbon
dioxide (CO2) in the atmosphere has increased exponentially due to the burning of fossil fuels
(Pachauri et al. 2014). The world’s oceans act as a sink for carbon, and uptake excess
anthropogenic CO2 (Sabine et al. 2004). The dissolution of atmospheric CO2 (atmo) in marine
waters drives acidification. Aqueous CO2 (aq) reacts with water to form carbonic acid (H2CO3).
The dissociation of H2CO3 to bicarbonate (HCO3- ) and carbonate (CO32-) ions releases hydrogen
ions, lowering pH (Doney et al. 2009).
(1)

CO2 (atmo) ↔ CO2 (aq) + H2O ↔ H2CO3 ↔ H+ + HCO3- ↔ 2H+ + CO32-

The interactions of the carbonate system have decreased the pH of the surface ocean by 0.1,
equivalent to a 26% increase in acidity since the beginning of the industrial era (Pachauri et al.
2014).
Estuaries are important transition zones between inland and marine waters with unique
physical and chemical interactions due to the mixing of rivers with the coastal ocean (Bilgili et
al. 2005). The drainage of coastal watersheds by rivers delivers inorganic and organic ions to
estuaries. These ions are derived from processes such as the weathering of rocks and agricultural
activities (Bianchi 2007). The source, magnitude and seasonality of freshwater input creates
distinct chemical gradients within estuaries (Cai et al. 2020). Estuaries are more vulnerable to
acidification than adjacent oceans. In addition to the dissolution of CO2 (atmo), microbial
respiration of allochthonous organic matter within an estuary increases acidity (Cai et al. 2011).
Both the delivery of acidic riverine water and enhanced respiration due to eutrophication can
increase the sensitivity of estuaries to acidification. The threat of acidification in estuaries can
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result in severe ecological damage and hinder the overall health of the coastal ecosystem
(Barbier et al. 2011).
Estuaries are critical habitats to many species of marine organisms and serve as nurseries
or feeding grounds (Roman et al. 2000). Photosynthetic species in estuaries such as eelgrass may
thrive in the high-CO2 world that comes with a lower pH, but a vast number of other pH
sensitive and calcifying species will suffer (Zimmerman et al. 2017). The growth and survival of
some larval fish dramatically decreases with increased acidity, negatively impacting recruitment
to adulthood and the replenishment of fishery populations (Munday et al. 2010). Shellfish and
other marine organisms that depend on calcium carbonate (CaCO3) for shell formation will face
the greatest threat from acidification (Salisbury et al. 2011). The saturation index of aragonite
(Ωa), a specific crystalline structure of CaCO3 used by calcifying species, diminishes in acidic
environments as aragonite is dissolved (Feely et al. 2004).
(2)

CO2 + H2O + CaCO3(aragonite) ↔ 2HCO3- + Ca2+

Larval shellfish require a minimum Ωa of about 1.6 to promote healthy shell growth. An Ωa lower
than 1 will result in shell dissolution and decreased survivorship (Salisbury et al. 2011). The
overall extent that marine organisms will be affected by acidification in estuaries is difficult to
determine and will likely depend on the alkalinity of the ecosystem (Waldbusser and Salisbury
2014).
Alkalinity is the ability of marine waters to buffer and resist changes in pH. Total
alkalinity (T-Alk) is defined as the number of moles of hydrogen ion (H+) equivalent to the
excess of proton acceptors (bases formed from weak acids with a dissociation constant (pKa) ≤
4.5) over proton donors (acids with a pKa > 4.5) in one kilogram of sample (Dickson, 1981). At
the equivalence point of 4.5, the concentration of proton acceptors equals the concentration of
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proton donors. The dissociation constant or pKa of these ions control at which pH these species
become active and available for buffering.
(3)

T-Alk = [HCO3-] + 2[CO32-] + [B(OH)4-] + [OH-] + [HPO42-] + 2[PO43-] +
[SiO(OH)3] + [HS-] + 2[S2-] + [NH3] − [H+] − [HSO4-] - [HF] - [H3PO4] +
[Organic-]

The T-Alk in marine waters is primarily comprised of inorganic species and is dominated by the
carbonate species. The pKa of HCO3- is 6.35 which falls within the typical pH 6.0 – 8.2 range of
seawater (Williams et al. 2009). Therefore, at typical oceanic conditions HCO3- is available for
buffering. Weathering of CaCO3 and silicate (SiO2) rock allows rivers to deliver a surplus of
HCO3- to oceans (Bianchi 2007), creating the ideal conditions for HCO3- to become the dominant
contributor to T-Alk by sheer abundance and availability for buffering. Other non-carbonate
inorganic species such as borate, phosphate and silicate contribute to T-Alk on a minor scale
compared to the carbonate species. The contribution of organic species to T-Alk in natural
waters has commonly been ignored (Dickson et al. 2007). However, a rising number of studies
have shown that organic alkalinity (O-Alk) might play a much larger role in T-Alk than once
thought (Cai et al. 1998; Hunt et al. 2011a; Kuliński et al. 2014; Sharp and Byrne 2020).
There are four measurable parameters of the aqueous carbonate system; T-Alk, dissolved
inorganic carbon (DIC), the partial pressure of CO2 (pCO2), and pH. The measurement of any
two of these parameters, with the appropriate pKas, allows for the calculation of the remaining
parameters (Park et al. 1969). For example, measuring T-Alk and DIC allows for pCO2, pH, and
Ωa to be calculated in this 4-piece carbonate evaluation to model the future impacts of
acidification in estuaries. However, the presence of O-Alk in T-Alk must be accounted for to
accurately calculate these in-situ parameters. Without the inclusion of O-Alk, there is potential of
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the overestimation of DIC, pCO2, pH, and Ωa through systematic bias (Hunt et al. 2011b; Abril et
al. 2014; Yang et al. 2015; Sharp and Byrne 2020). Sharp and Byrne (2020) evaluated the errors
associated with calculated pCO2, pH, and Ωa when O-Alk is not included in T-Alk
measurements. In terms of pCO2, air-sea CO2 flux estimates become associated with large error.
Errors in a calculated pH can lead to inconsistencies in marine carbonate system datasets.
Finally, error in Ωa can skew efforts to identify saturation horizon depths or interpret CaCO3
dissolution data which is essential for evaluating the resilience of calcifying species against
acidification. Only through the inclusion of O-Alk and the appropriate organic pKas in modeled
conditions can a full evaluation of the threat of acidification in estuaries be examined. Doing so
will promote consistency between observed and modeled data and will provide a better
understanding of the relationships between T-Alk, DIC, pH, and pCO2.
Background
O-Alk has been recognized as a significant contributor to T-Alk in riverine, coastal and
some ocean environments (Sharp and Byrne 2020). The supply of inorganic and organic ions
from rivers (Hopkinson and Vallino 1995) make estuaries unique areas to study O-Alk. Organic
acids that comprise O-Alk can be leached from plants and soils into rivers (Salisbury et al. 2009).
Organic acids can also form from photosynthesis in the river or be laterally input from tidal
marshes (Cai 2011). Different loads of these organic ions can either make an estuary more acidic
or well-buffered (Hunt et al. 2011a). It is speculated that there is a significant relationship
between dissolved organic carbon (DOC) loading and O-Alk. Studies like Cai et al. (1998) and
Kuliński et al. (2014) point to the idea of DOC being a source of O-Alk. Both studies have
shown a correlation between the concentration of DOC and O-Alk. Specifically, that in high
DOC environments, relatively higher O-Alk concentrations are exhibited (Kuliński et al. 2014).
Although this link between DOC and O-Alk has not been proven yet, it has important
4

implications for the behavior of O-Alk during estuary mixing. Like DOC, it might be expected
that O-Alk would mix conservatively with salinity. However, unlike DOC, the behavior of OAlk mixing with salinity will depend on the pKas of the organic species available for buffering.
This could potentially lead to O-Alk non-conservatively mixing with salinity (Cai et al. 1998). It
is essential to identify if a non-linear relationship exists between the concentration of O-Alk and
salinity so that it can be applied to carbonate system models. The use of a linear relationship
instead of non-linear one could lead to inaccuracy in calculating T-Alk and thus bias in using a
model to evaluate the impacts of acidification in an estuary.
The pKas of the weak organic acids will control the contribution of O-Alk to T-Alk in
estuaries. Unlike the inorganic alkalinity species, which have well defined pKa values, the pKas
of O-Alk are not well identified (Sharp and Byrne 2020). A wide range of pKas values for O-Alk
have been generated from recent investigations. Cai et al. (1998) found organic functional groups
with pKa values at 4.46, 6.64, and 8.94 in three Georgia estuaries. Yang et al. (2015) found pKas
ranging from 5.31-5.45 and 7.05-7.32 in coastal environments of the Gulf of Mexico. Finally,
Sharp and Byrne (2020) used a model to calculate arbitrary organic pKas at 4.5, 6, and 7.5. The
range of pKa values produced from these studies highlights the complexity of O-Alk acid-base
chemistry with the different source loads and pH of study locations. Regardless, the evidence
shows that organic pKas are likely present within the measurement range associated with the
Dickson (1981) 4.5 equivalence point definition for determining T-Alk. Therefore, efforts should
be made to better define these organic pKas so that they may be accounted for in carbonate
system modeling and improve the accuracy of T-Alk values. Furthermore, at normal oceanic and
estuary pH conditions, organic acids with pKas significantly lower than 4.5 would remain
dissociated and not contribute to the measured T-Alk. However, estuaries that are fed by
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extremely acidic rivers with a pH below 4.5 will have the potential for extra buffering by organic
acids with pKas lower than 4.5. These low pH estuaries may prompt a re-evaluation of the 4.5
equivalence point definition to be more inclusive of this low pH O-Alk potential in the total
buffering of the ecosystem. Determining if the equivalence definition needs to be expanded and
identifying any low pH organic pKas is pertinent for not only advancing acidification modeling
but improving the methodology in which O-Alk and T-Alk are measured. If standard titration
practices are followed for determining O-Alk and T-Alk, most samples are titrated down to a pH
of 3 (Dickson et al. 2007). In these scenarios, low pH organic pKas will contribute to the
measured value of T-Alk and must be accounted for to avoid any bias.
The Gulf of Maine is an essential location for studying the impacts of anthropogenic
driven climate change. With unprecedented warming and a high risk of coastal acidification, it is
more important than ever to understand the acid-base chemistry in the Gulf of Maine (Saba et al.
2016; Salisbury et al. 2011). As part of a larger National Science Foundation project in the
Salisbury lab, this investigation intended to build a baseline for the role of O-Alk in a few
estuaries of the Gulf of Maine with the hopes of improving carbonate system modeling in the
area. A simplistic estuary mixing scenario was created through the serial dilution of river water
samples. In this simulation, only the influence of salinity on O-Alk during mixing is considered.
The goals of the work presented in this paper were to, for multiple estuaries in the Gulf of
Maine; (1) Determine if the relationship between O-Alk and salinity was nonconservative, (2)
Identify any organic pKas, and (3) Determine if the 4.5 equivalence point definition needed to be
re-evaluated to be more inclusive for different estuary environments. It was expected that O-Alk
would follow a non-linear relationship with salinity in the Gulf of Maine estuaries due to
changes in pKa dynamics. Organic functional groups were expected to be found with pKas in the
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3-4, 5-6, and 7-8 pH range for each of the estuaries. Changes in ion source loading, salinity, and
pH during estuary mixing would control which pKas were active and contributed to the organic
buffering of the ecosystem. Finally, it was expected that the presence of organics with low pKas
would be found and need to be accounted for in T-Alk calculations. Achieving these objectives
would provide a more complete picture of pKa behavior and the contribution of O-Alk to T-Alk
in multiple estuaries of the Gulf of Maine, establishing a critical new basis for better modeling
future acidification in the region.
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METHODOLOGY
Study Sites and Sample Collection
Water samples were collected from eight estuaries of the Gulf of Maine, spanning from
Maine, U.S.A to New Brunswick, Canada, in October of 2019 (Figure 1). Sample collection took
place at the freshwater endmember of each estuary where the salinity is equal to zero. For the St
John River estuary, which drains an expansive watershed, samples were also collected from the
Aroostook and Tobique tributaries. In total, twelve river samples were collected for this
investigation, representing a diverse range of river/estuary characteristics for studying O-Alk
behavior. Estuaries of the Gulf of Maine are highly forested areas with low population density.
Therefore, these estuaries typically exhibit low nutrients and high dissolved organic matter
signatures (Hunt et al. 2011b).
Google earth 2019

Figure 1: Map of estuary endmember sampling locations in the Gulf of Maine.
8

At each of the freshwater endmember sites, water samples were collected via a bucket
lowered from a bridge. The bucket was rinsed with river water three times and then raised slowly
to avoid encouraging gas exchange. Onsite water temperature and salinity measurements were
recorded via a handheld YSI meter. The water was then divided up for alkalinity, pH, boron (B),
DOC, and nutrient analyses. Alkalinity samples were collected into 500 mL glass BOD bottles
with greased stoppers and preserved with saturated mercuric chloride (Dickson et al. 2007). pH
samples were collected into 120 mL BOD bottles and preserved in a similar fashion. B samples
were collected into acid-washed high-density polyethylene centrifuge tubes, acidified, and stored
on ice until frozen. DOC and nutrient samples were syringe-filtered using a 0.2 µm filter into
polyethylene centrifuge tubes (JGOFS 1996).
Laboratory Analysis
The primary focus of this investigation centered around alkalinity titrations and the
determination of O-Alk and T-Alk concentrations. B, DOC, and nutrient analyses were only
performed for the 12 original freshwater endmember samples collected. B samples were sent to
our partners in the College of Maine Science at the University of South Florida for analysis. B
was measured in a normal mode with beryllium as an internal standard on an Agilent 7500 ICP
MS instrument with an uncertainty of 0.0047 µmol kg-1. DOC and nutrient samples were
measured by the Water Quality Analysis Laboratory at the University of New Hampshire. DOC
was measured using a Shimadzu high temperature catalytic oxidation analyzer with
chemiluminescent detection which has an uncertainty of 1.5 µmol kg-1. Nutrients including
phosphate (PO4-) and silicate (SiO2) were analyzed using a SmartChem automated analyzer
(Westco Scientific) by standard colorimetric methods and have uncertainties of 0.0008 µmol kg-1
and 0.25 µmol kg-1, respectively (Strickland and Parsons 1972). pH was measured on the total
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pH scale using a Metrohm LL-Ecotrode Plus WOC pH probe connected to a Thermo Scientific
Orion Star A211 pH meter. The pH probe was calibrated via a spectrophotometric pH system
(Agilent Technologies Cary 8454 UV-Vis) with purified m-cresol purple and had an uncertainty
ranging from ± 0.03 to 0.08 depending on calibration (Easley and Byrne 2012).
The freshwater endmember samples were serially diluted with a seawater standard to
simulate estuary mixing. Certified reference material (CRM) for oceanic CO2 measurements,
produced by Dr. Andrew Dickson at Scripps Institution of Oceanography, was used for the
dilutions. These standards have been sterilized and have known salinity, total alkalinity, and
concentrations of PO4-, SiO2, nitrite (NO2-), and nitrate (NO3-) (Dickson et al. 2003). It is
important to note that two different batches, 185 and 189 were used in this investigation to create
the dilution samples. The dilution series spanned from a salinity of 0 to 30 (Table 1).
Table 1: Target salinity for each dilution of the simulated estuary mixing series.
Dilution

1

2

3

4

5

6

7

8

9

10

11

12

Salinity

0.00

0.25

0.50

0.75

1.00

2.50

5.00

10.00

15.00

20.00

25.00

30.00

During trial runs of the investigation, there were notable changes in O-Alk between the salinity 0
to 1, therefore dilutions were set to change by a salinity of 0.25 to better document these
variations. After a salinity of 1, changes in O-Alk became less dramatic and prompted a shift in
dilutions to change by a salinity of 5. A portable salinometer (Guildline Portasal 8410) was used
to measure the salinity of each of the dilutions and has an uncertainty of 0.02. Ultimately, the
twelve samples collected were broken down into 12 dilutions, producing 144 samples in total for
this investigation.
An automated titration system was used for alkalinity analysis. A Metrohm 876 Dosimat
plus, was paired with the same Metrohm EcoTrode pH probe used for pH measurement. T-Alk,
O-Alk, and pH were all measured at a temperature of 25ºC, maintained by a circulated water
10

bath (Fisher Scientific ISOTEMP 10285). A Tris buffer standard produced by Dr. Dickson was
used daily to keep track of drift in readings by the pH probe and determine if calibration was
needed. A Gran + Whole titration was used for the determination of T-Alk and O-Alk. T-Alk
was measured by the Gran titration (Gran 1952). Certified 0.1 M Hydrochloric Acid (HCl) with
an uncertainty of 0.00002 µmol kg-1 produced by Dr. Dickson was used for the titrations. Two
different batches of HCl, A19 and A21 were used to complete the 144 titrations. In this method,
HCl was quickly added to the sample in an open cell until a pH of 3.5 was reached. At this
endpoint it was assumed that all HCO3- and CO32- have been removed from the sample and can
no longer contribute to the T-Alk. The sample was then degassed for 2 minutes with Nitrogen
gas (N2) using a glass bubbler to prevent any re-dissolution of CO2. Acid was then added in
aliquots until the pH changed linearly with the volume of acid added and a pH of 3 was reached.
A linear regression of the change of pH against volume of acid added allowed for the
determination the T-Alk with an uncertainty of 5.207 µmol kg-1 (Hunt et al. 2011b).
A CO2 free sodium hydroxide (NaOH) solution was created by filtering 1.5 mL of Ricca
Analytical Reagent Grade 50% (w/w) NaOH through a 0.2 um filter into 75 mL of deionized
water. This NaOH solution was added to the acidified sample after the Gran analysis via a
Metrohm 665 Dosimat until a pH of 8.5 was reached. It is important to note that the first 8
estuary samples or 96 dilutions were brought to a pH of 10 instead of 8.5. Initial results showed
precipitation of magnesium (Mg) with hydroxide (OH), which occurs above a pH of 9.2. To
avoid this precipitation in further samples, the target pH for this back titration was changed to
8.5. Calculations of O-Alk were performed only using the data from the 8.5 to 3 pH range to
avoid the potential Mg(OH)2 interference.
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A Whole titration was used to determine the O-Alk of each sample. Once each sample
was brought up to a pH of 8.5 (or 10), HCl was then incrementally added in small doses to the
sample until a pH of 3 to build a titration curve. Trial runs of this investigation prompted
modifications of the MATLAB code that controlled the HCl dose volume depending on the
salinity of the sample and pH change during the titration. These modifications focused on adding
HCl in doses small enough to prevent a large change in pH, which would hinder the validity of
the titration curve and subsequent calculations, while keeping conscientious of sample run time.
For example, higher salinity samples such as those in the 20-30 salinity range have a higher
buffering capacity in the 8.5 (or 10) to 7.5 pH range. Therefore, a higher HCl dose was required
in this pH range to get an equivalent change in pH compared to lower salinity samples.
Regular system checks were performed to ensure that the Gran + Whole titrations were
running as they should. At the start of each day, CRM standard was run through a Gran titration
to ensure the system produced a T-Alk value that matched the known T-Alk of the CRM.
Variance from the known T-Alk value would prompt a re-run or possible system re-calibration
before actual sample analysis would begin. Sodium chloride (NaCl) solutions were created and
used to check the validity of the Whole methodology. 35 grams of Fisher Scientific NaCl was
mixed with a liter of deionized water. This solution should have a near zero O-Alk produced
from the Whole titration, although when the solution was run, the results consistently showed an
average residual O-Alk of 2.82 ± 1.20 µmol kg-1 at the 4.5 equivalence point. Air exposure and
lingering ions in the deionized water could act as possible sources for residual alkalinity and
have been accounted for in the uncertainty of the O-Alk calculations.
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Data Synthesis
The titration curve produced from the Whole titration was used for the determination of
O-Alk. The relationship between pH change and moles of HCl added was used to determine a
non-carbonate alkalinity (NC-Alk). NC-Alk accounts for all remaining alkalinity in the sample
except for alkalinity contributed by HCO3- and CO32- which has been assumed to be removed
from the system during the Gran titration.
(4)

[NC-Alk] = [B(OH)4-] + [OH-] + [HPO42-] + 2[PO43-] + [SiO(OH)3] + [HS-] +
2[S2-] + [NH3] − [H+] − [HSO4-] - [HF] - [H3PO4] + [Organic-]

This value was calculated from both the original pH of the endmember sample and the
new pH of each sample after dilution. Calculating from the original pH allows for a sole focus on
how salinity influences O-Alk by not allowing the pH to vary with each dilution. Whereas the
calculation from the dilution pH allows for insight on how O-Alk behaves with both increasing
salinity and pH for each dilution. To obtain an O-Alk value from NC-Alk, the other inorganic
components measured, specifically boron alkalinity (B-Alk; uncertainty of ± 6.908 µmol kg-1),
phosphorus alkalinity (P-Alk; uncertainty of ± 0.006 µmol kg-1), and silica alkalinity (Si-Alk;
uncertainty of ± 0.250 µmol kg-1) needed to be subtracted out. The remaining alkalinity was the
O-Alk of the sample.
(5)

[O-Alk] = [NC-Alk] - [B(OH)4-] - [OH-] - [HPO42-] - 2[PO43-] - [SiO(OH)3] [HS] - 2[S2-] - [NH3] + [H+] + [HSO4-] + [HF] + [H3PO4]

To evaluate the 4.5 equivalence point definition, O-Alk was calculated at pH of 4.5, 4.0, 3.5, and
3.0. Most titration methods, including that used in this investigation, titrate down to a pH of 3.0,
leaving room for pKas in the low pH region to influence calculated O-Alk values. Therefore, OAlk was also calculated at 4.0, 3.5, and 3.0 to see if any difference in O-Alk values existed
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between these different equivalence points. The uncertainties associated with each calculation
are 9.08 µmol kg-1, 10.25 µmol kg-1, 13.41 µmol kg-1, and 16.69 µmol kg-1, respectively. These
uncertainties were determined through replicate CRM Whole titrations. Instrument error and
uncertainty associated with B-Alk, P-Alk, and Si-Alk were accounted for through sum of
squared errors. Student t-tests were used for statistical comparisons of measured O-Alk values.
T-tests were performed for a normal distribution under the 95% confidence interval to obtain pvalues. A p-value < 0.05 indicated statistical significance.
The Whole titration range was used to attempt to calculate organic pKas. The method
used to calculate pKas from the titration curve closely followed that described by Cai et al.
(1998). The exception to the Cai et al. (1998) methodology is that in their study, NaOH was used
as the titrant to build a titration curve through a back titration, whereas unidirectional titrations
with HCl were used in this investigation. A simple model was used to characterize the acid-base
properties during estuarine mixing.
(6)

X

B

T
iT
V0 ∑i 1+[H]/K
= (V0 + v)([H] − [OH]) − CH O0 − vCA − V0 1+[H]/K
−
B

i

P

Si

T
T
V0 1+[H]/K
− V0 1+[H]/K
P

V0 ∑i

XiT
1+

[H]
Ki

Si

represents the O-Alk term where V0 is volume, XiT is the concentration of an organic

functional group, and K i is the pKa for that organic functional group. The XiT and K i terms were
allowed to vary as 1, 2, or 3 pKas groups were attempted to be identified. CH O0 is the
concentration of OH before any acid was added. vCA is the volume of acid added multiplied by
the concentration of HCl. V0

BT
[H]
1+
KB

, V0

PT
[H]
1+
KP

, and V0

SiT
1+

[H]
KSi

represent the B-Alk, P-Alk, and Si-Alk

terms that are subtracted out to determine O-Alk. A numerical fitting process in which the
CH O0 , XiT , and K i values were either fixed or constrained for all data, was used to determine the
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organic pKas. The CH O0 , X iT , and K i that allowed for the model to best fit the measured Whole
titration data would yield organic pKas. The modeled worked progressively, looking for 1
functional group, then two groups, and lastly three groups. To identify the first pKa group in the
>7 pH range CH O0 , X1T , and K1 were constrained for all data. The >5 pH range was used to look
for two pKa groups. In this run, CH O0 was fixed, while X1T , K1 , X2T , and K 2 were constrained for
all data. The entire Whole titration, pH >3, was used to identify three pKa groups. Here,
CH O0 , X1T , and K1 were fixed and X2T , K 2 , X3T , and K 3 are constrained for all data.
Unfortunately, the modeled curves were not able to fit the observed data and resulted in
skewed pKa determinations. The improper fit forced the presence of false pKa values in the 7-8
pH range, instead of producing the expected spread of organic pKas in the 3-4, 5-6, and 7-8 pH
ranges. Therefore, the second objective of this investigation was not able to be met. However,
this failure in organic pKa determination allowed for discoveries that will aid future work in pKa
modeling. It was revealed that there is a source of error present during the titration process that
may contribute to the modeling inaccuracy. This error could possibly come from the residual OAlk found in both the NaCl and CRM solutions that were used to validate the pKa modeling
process. Similar to the NaCl solution, it was assumed that the CRM solution should have zero OAlk. This investigation consistently obtained average CRM O-Alk values of 9.705 ± 5.890 µmol
kg-1 at the 4.5 equivalence point. Similar residual O-Alk was detected by both the Fong and
Dickson (2019) and Sharp and Byrne (2021) investigations with values ranging between 3.9 to
7.4 µmol kg-1 in CRM samples. The source and behavior of this residual alkalinity during the
titration process is poorly understood. This alkalinity will have to be accounted and corrected for
to promote consistency in both future pKa and carbonate system modeling (Fong and Dickson
2019; Sharp and Byrne 2021).
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RESULTS

Table 2 illustrates the starting pH and initial concentrations of DOC, B, phosphorus (P)
from PO4-, silica (Si) from SiO2, T-Alk, O-Alk at 4.5, O-Alk at 4.0, O-Alk at 3.5, and O-Alk at
3.0 for each of the 12 endmember samples collected. Each dilution series will be referred to as an
estuary. Please note however that these are mixed samples and are not actual samples taken
throughout each estuary.

Table 2: Estuary endmember characteristics.
Abbrev.
Pleasant
Plea
Narraguagus
Narr
Penobscot
Peno
Dennys
Denn
Saco
Saco
Androscoggin
Andr
Kennebec
Kenn
Aroostook
Aroo
St John (Fredericton)
SJF
St John (Grand Falls)
SJGF
Tobique
TOBI
St John (Perth-Andover) SJPA
*Could not be measured

pH
3.933
4.168
5.229
5.507
5.629
6.236
6.340
6.571
6.924
7.232
7.245
7.301

DOC
B
P
Si
(µmol/L) (µmol/L) (µmol/L) (µmol/L)
1946.199 0.252
0.352
9.563
1241.849 0.271
0.280
4.223
848.571
*
0.375
37.405
1464.732 0.087
0.168
1.780
365.560 0.154
0.081 177.759
872.596 0.730
0.358
66.009
707.411 0.097
0.359 118.642
400.778
*
0.081 103.863
881.955 0.210
0.303
71.921
712.525 0.536
0.826
45.223
823.195 0.199
0.784
77.833
648.844 0.159
0.959
49.609
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T-Alk O-Alk 4.5
(µmol/kg) (µmol/kg)
-121.210
*
-40.077
*
106.970 32.770
77.968
24.925
102.530 19.220
214.400 79.660
332.040 73.315
395.000 60.533
495.380 58.022
860.320 114.234
849.270 62.206
850.590 69.053

O-Alk 4.0
(µmol/kg)
*
17.826
56.406
37.472
30.938
104.546
99.572
73.470
90.871
133.756
89.822
84.392

O-Alk 3.5
(µmol/kg)
45.048
49.647
71.806
51.104
35.466
131.849
115.640
80.989
118.692
155.235
120.102
101.866

O-Alk 3.0
(µmol/kg)
142.274
85.754
79.620
68.927
41.195
189.408
143.178
95.728
163.123
192.945
198.330
132.518

Figure 2: Original pH and dilution pH plotted against salinity for the St John (Fredericton),
Penobscot, and Narraguagus estuaries.
The original pH and dilution pH were compared for the St John (Fredericton), Penobscot,
and Narraguagus estuaries (Figure 2). The St John (Fredericton) endmember sample had a
starting pH of 6.92 ± 0.03. During dilution mixing, pH increased at a rate of 0.035 ± 0.002 with
salinity. pH changed from 6.92 ± 0.03 at the salinity of 0 to 7.86 ± 0.03 at the salinity of 30. The
Penobscot endmember sample had a starting pH of 5.22 ± 0.05. During dilution mixing, pH
increased with salinity at a rate of 1.22 ± 0.36 between the 0 to 2.5 salinity range. After the
salinity of 2.5, the rate slowed to 0.048 ± 0.007. pH in the Penobscot estuary changed from 5.22
± 0.05 at the salinity of 0 to 7.86 ± 0.05 at the salinity of 30. The Narraguagus endmember
sample had a pH of 4.16 ± 0.08 at the salinity of 0. During dilution mixing, pH increased at a rate
of 0.806 ± 0.075 with salinity in the 0 to 2.5 range. This rate decreased to 0.057 ± 0.009 after the
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salinity of 2.5. pH in the Narraguagus estuary changed from 4.16 ± 0.08 at the salinity of 0 to
7.79 ± 0.08 at the salinity of 30.

Figure 3: T-Alk and O-Alk at the 4.5, 4.0, 3.5, and 3.0 equivalence points calculated from the
original pH and the dilution pH for the St John (Fredericton), Penobscot, and Narraguagus
estuaries. T-Alk is represented by the black line. The purple, green, blue, and yellow lines
represent the O-Alk equivalence points of 4.5, 4.0, 3.5, and 3.0, respectively.
The T-Alk and O-Alk values calculated for the St John (Fredericton), Penobscot, and
Narraguagus estuaries are displayed in Figure 3. For the St John (Fredericton), Penobscot, and
Narraguagus estuaries, T-Alk increased relatively linearly with salinity but did not follow a
perfect conservative mixing pattern. For the full salinity range, O-Alk was calculated for each of
these equivalence points from both the original pH (left) and dilution pH (right) of each sample.
Please note that for the Narraguagus estuary, there are no O-Alk values calculated for the
original pH 4.5 equivalence point. The original pH of the sample was 4.16 ± 0.08 and did not
allow for a O-Alk 4.5 to be calculated. For both the original pH and dilution pH and at each
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equivalence point, the St John (Fredericton), Penobscot, and Narraguagus estuaries all exhibited
relatively high O-Alk concentrations that decreased with increasing salinity. Overall, for the St
John (Fredericton), the Penobscot, and Narraguagus estuaries O-Alk did not mix conservatively
with increasing salinity. Above salinity 5, the mixing of O-Alk becomes relatively stable,
however there is extreme variability for O-Alk and T-Alk present in the salinity below 5 for the
St John (Fredericton), the Penobscot, and Narraguagus estuaries.

Figure 4: T-Alk and O-Alk at the 4.5, 4.0, 3.5, and 3.0 equivalence points calculated from the
original pH and the dilution pH for the 0 to 5 salinity range of the St John (Fredericton),
Penobscot, and Narraguagus estuaries.
Figure 4 displays the same T-Alk and O-Alk data for the St John (Fredericton),
Penobscot, and Narraguagus estuaries as in Figure 3 but with the 0-5 salinity region expanded.
For all three systems, T-Alk does not mix conservatively with salinity in the low salinity region.
The most extreme variability in O-Alk calculated at the different equivalence points for both the
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original pH and dilution pH occurs between the salinity of 0 and 1. In the St John (Fredericton)
estuary, O-Alk fluctuated but remained relatively constant from salinity 0 to 0.75 before
decreasing sharply from salinity 0.75 to 1. Whereas in the Penobscot and Narraguagus estuaries,
O-Alk increased for each equivalence points during mixing from the salinity of 0 to 1 then
decreased with salinity.

Figure 5: T-Alk and percent O-Alk at the 4.5, 4.0, 3.5, and 3.0 equivalence points calculated
from the original pH and the dilution pH for the St John (Fredericton), Penobscot, and
Narraguagus estuaries. T-Alk is again represented by the black line. The purple, green, blue,
and yellow lines represent the percent (%) O-Alk for the 4.5, 4.0, 3.5, and 3.0 equivalence
points.
The T-Alk and % O-Alk values calculated for the St John (Fredericton), Penobscot, and
Narraguagus estuaries are displayed in Figure 5. % O-Alk was calculated from both the original
pH (left) and dilution pH (right) of each sample. Note that there is no original pH % O-Alk
calculated for the 4.5 equivalence point for the Narraguagus river, as the original pH of the
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sample was 4.16 ± 0.08 which did not allow for a % O-Alk at 4.5 to be calculated. The % O-Alk
values calculated from the original pH and dilution pH for each of the different equivalence
points decreases with increasing salinity for the St John (Fredericton), Penobscot, and
Narraguagus estuaries.

Figure 6: T-Alk, pH and DOC for the 12 estuary freshwater endmember samples collected.
The Aroostook and Pleasant endmember samples are outlined in blue and red boxes,
respectively.
Figure 6 displays the T-Alk, pH and DOC of the freshwater endmembers collected for the
Saco, Androscoggin, Kennebec, Penobscot, Narraguagus, Pleasant, Dennys, Tobique,
Aroostook, St John (Grand Falls), St John (Perth-Andover), and St John (Fredericton) estuaries.
For all 12 estuary endmember samples the salinity was zero. For all 12 estuaries, an increase in
pH coincided with an increase in T-Alk and an increase in DOC. For example, the Aroostook
endmember sample had a pH of 7.23 ± 0.03, T-Alk of 860.320 ± 5.207 µmol kg-1, and DOC of
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712.5 ± 1.5 µmol kg-1. Compared to the Pleasant endmember sample which had a pH of 3.933 ±
0.04, T-Alk of -121.21 ± 5.207 µmol kg-1, and DOC of 1946.2 ± 1.5 µmol kg-1.

Figure 7: O-Alk at the 4.5 equivalence point determined from both the original pH and
dilution pH for the 12 estuaries of the Gulf of Maine.
O-Alk calculated at the 4.5 equivalence point from both the original pH and dilution pH
for the Saco, Androscoggin, Kennebec, Penobscot, Narraguagus, Pleasant, Dennys, Tobique,
Aroostook, St John (Grand Falls), St John (Perth-Andover), and St John (Fredericton) estuaries
are displayed in Figure 7. The estuaries are grouped by pH, the Penobscot, Narraguagus,
Pleasant, and Denny fell within the 3.5-5.5 pH range. Please note that the Narraguagus and
Pleasant estuaries are not displayed for the original pH 4.5 O-Alk. The original pH of both these
estuaries were below 4.5 at 4.16 ± 0.08 and 3.933 ± 0.04, respectively and therefore did not
allow at O-Alk are 4.5 to be calculated. The Saco, Androscoggin, Kennebec, and Tobique fell in
the 5.6-6.5 pH range. Finally, Aroostook, St John (Grand Falls), St John (Perth-Andover), and St
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John (Fredericton) were in the 6.6-7.5 pH range. Similar trends to those outlined by St John
(Fredericton), Penobscot, and Narraguagus estuaries in Figures 2 and 3 are displayed here. In all
estuaries, for both the original pH and dilution pH, O-Alk at 4.5 decreases non-conservatively
with increasing salinity. The same, low salinity variability in O-Alk seen in Figure 3 is displayed
by all 12 estuaries.

Figure 8: O-Alk at the 3.5 equivalence point determined from both the original pH and
dilution pH for the 12 estuaries of the Gulf of Maine.
Figure 8 displays O-Alk data calculated at the 3.5 equivalence point from both the
original pH and dilution pH for the Saco, Androscoggin, Kennebec, Penobscot, Narraguagus,
Pleasant, Dennys, Tobique, Aroostook, St John (Grand Falls), St John (Perth-Andover), and St
John (Fredericton) estuaries. The estuaries are divided up by the same pH ranges of 3.5-5.5, 5.66.5, and 6.6 to 7.5. The same general trends seen in Figure 7 are displayed here in Figure 8.
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However, the O-Alk 3.5 values for both the original pH and dilution pH are shifted higher than
the O-Alk 4.5 values in Figure 7.

Figure 9: O-Alk at the 4.5 equivalence point plotted against O-Alk at the 4.0, O-Alk at the
3.5, and O-Alk at the 3.0 equivalence points for the 12 estuary freshwater endmember
samples collected. The black line represents a 1 to 1 ratio. The red box indicates the O-Alk
equivalence point values for the Aroostook endmember sample.
Figure 9 displays the O-Alk at 4.5 versus the O-Alk at 4.0, 3.5, and 3.0 for the freshwater
endmember samples collected for the Saco, Androscoggin, Kennebec, Penobscot, Narraguagus,
Pleasant, Dennys, Tobique, Aroostook, St John (Grand Falls), St John (Perth-Andover), and St
John (Fredericton) estuaries. For each step lower in the calculated equivalence point, the O-Alk
increased. For example, the points outlined by the red box represent the O-Alk equivalence point
values calculated for the Aroostook endmember sample. The O-Alk at 4.5, 4.0, 3.5, and 3.0 for
the Aroostook endmember sample are 114.234 ± 9.08 µmol kg-1, 133.756 ± 10.25 µmol kg-1,
155.235 ± 13.41 µmol kg-1, and 192.945 ± 16.69 µmol kg-1, respectively.
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DISCUSSION
The St John (Fredericton), Penobscot, and Narraguagus estuaries were chosen to
exemplify the characteristic trends seen across the 12 estuaries of this investigation. Each estuary
represented a different pH range: the St John (Fredericton) stood as a regionally high pH estuary
with a pH of 6.92 ± 0.03, the Penobscot as a middle pH estuary with a pH of 5.22 ± 0.05, and the
Narraguagus as a low pH estuary with a pH of 4.16 ± 0.08. For each of these estuaries, O-Alk
was calculated from the original pH of the endmember sample and from the sample dilution pH.
Figure 3 highlighted that, for Penobscot and Narraguagus estuaries, the O-Alk values calculated
from the dilution pH, where both the initial pH and salinity varied, were significantly higher than
the O-Alk values calculated from the original pH where only salinity varied (Table 3).
Table 3: P-values for the statistical comparison of original pH and dilution pH O-Alk values for the St
John (Fredericton), Penobscot, and Narraguagus estuaries.
St John (Fredericton)
Penobscot
Narraguagus
O-Alk at 4.5

0.0521

1.837 E -5

1.300 E -3

O-Alk at 4.0

0.0520

1.837 E -5

1.300 E -3

O-Alk at 3.5

0.0520

1.837 E -5

1.300 E -3

O-Alk at 3.0

0.0521

1.837 E -5

1.300 E -3

The difference between the original pH and dilution pH O-Alk values for the St John
(Fredericton) estuary fell shy of being significant in the 95% confidence interval. However, the
difference between the original pH and dilution pH is still significant. These results show the key
difference in considering the impact of salinity and pH on O-Alk during estuary mixing. In
simplified mixing scenarios without lateral influences on O-Alk, allowing both pH and salinity to
vary during estuarine mixing produced higher O-Alk values than influence of salinity on O-Alk
alone.
Despite the difference in O-Alk produced, both mixing scenarios showed the same
overall trends in each of the different estuaries. As hypothesized, O-Alk generally decreased with
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salinity throughout each estuary. From the salinity of 5 to 30, the decrease in O-Alk with salinity
was relatively stable but overall did not follow a conservative mixing pattern (Figure 3). In the 0
to 5 salinity range, initial mixing produced extreme O-Alk variability (Figure 4). Cai et al. (1998)
saw similar trends of this behavior of O-Alk with estuary mixing in the samples collected from
the Satilla, Altamaha, and Savannah estuaries in Georgia, USA. In their investigation, Cai et al.
(1998) attributed the difference in O-Alk behavior to a shift in the dominance between the
influence of pH and salinity on O-Alk. In the more stable region of O-Alk mixing, salinity had
been attributed as the dominant control on the behavior of O-Alk (Cai et al. 1998). While large
changes in pH during initial mixing was used by Cai et al. 1998 to explain the variability and
slight increase of O-Alk seen in the low salinity range. In comparing Figures 2 and 3 for the
Narraguagus estuary, during initial dilution mixing the pH of the Narraguagus estuary jumped
rapidly from a pH of 4.16 ± 0.08 at salinity zero to a pH of 6.70 ± 0.08 by a salinity of 5. This
spike in pH is reflected in the heightened O-Alk values seen in the dilution estuary plot of Figure
3. Therefore, it is likely that pH has a role to play in low salinity O-Alk variability, but it does
not explain the whole picture. The same variability is seen in the O-Alk values calculated from
the original pH, which only considered the influence of salinity on O-Alk. Another factor must
influence O-Alk in this low salinity range besides pH.
The presence of humic substances can yield a possible explanation for the variability of
O-Alk in the low salinity region. The Beckett and Le 1990 investigation focused on how the
coagulation of organic species such as fulvic and humic acids on colloidal particles can change
the net surface charge of the particle. In the Yarra River system of Australia, colloidal particles
changed surface charge from positive to negative when coated with various humic acids (Beckett
and Le 1990). The charge continued to become more negative with increasing ionic strength,
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encouraging a stronger charge density until the mobility of the humic coated particle plateaued
around a salinity of 5 (Beckett and Le 1990). Humic substances are famous for their sorption
abilities (Lipczynska-Kochany 2018). The resulting increased negative charge from the humic
coating on colloidal particles would allow the particles to have a higher affinity for binding to
H+. These organic coated particles can possibly explain the variability and slight increase of OAlk as they neutralized H+ in the low salinity region of the estuaries of this investigation.
The possible increase in O-Alk by humic coated colloidal particles, however, is not
sustained. By the salinity of 5 O-Alk shifts to a more stable decrease with salinity. The reduction
in the ability of humic coated particles to enhance the O-Alk concentration can be due to
increased salinity and pH, or due to flocculation. As salinity and pH increase during estuary
mixing, the binding ability of the humic acids decreases (De Paolis and Kukkonen 1997). In their
investigation in the Arno estuary, De Paolis and Kukkonen 1997 found that the binding capacity
of humic acids dramatically decreased with a pH increase from 5.0 to 8.0. By the salinity of 5,
the St John (Fredericton), Penobscot, and Narraguagus estuaries had pH of 7.10 ± 0.03, 6.84 ±
0.05, and 6.70 ± 0.08, respectively. These pH values fall right into the range where the ability of
humic acids to bind to protons severely decreases. With the absence of the capability of the
humic coated particles to continue to remove H+, O-Alk would peak and decrease rapidly, as
seen in this investigation. Alternatively, the continued flocculation of humic acids on the
colloidal particles with increasing salinity could have caused the particles to settle out of solution
(Sholkovitz 1976). Evidence of this lies within the decreased mobility of colloidal particles seen
in the Beckett and Le 1990 investigation. The plateau of mobility by the salinity of 5 could
indicate that the humic coated particles settled out of solution. This coincides with the steady
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decrease in O-Alk seen in this investigation at the salinity of 5 as the settled humic coated
particles can then no longer contribute to organic buffering.
The low salinity variability seen in this investigation is not unique to O-Alk, as the
Osterholz et al. 2016 study saw a similar behavior of DOC in the Delaware Estuary in Delaware,
USA. Osterholz et al. 2016 found that DOC concentration variability was 20% higher under a
salinity of 1, following a non-conservative mixing behavior before switching to a more
conservative behavior as salinity continued to increase. Humic substances comprise 50- 80% of
dissolved organic matter in freshwater (Lipczynska-Kochany 2018). DOC consisting of humic
acids may go on to contribute to the organic buffering of an estuary. Therefore, similar to O-Alk,
it would be expected that DOC would also exhibit a low salinity variability, linking DOC and OAlk.
Another layer of correlation between DOC and O-Alk can be found within the % O-Alk
results of this investigation. % O-Alk mixes non-conservatively with salinity in the St John
(Fredericton), Penobscot, and Narraguagus estuaries (Figure 5). What is important to note is the
% O-Alk seen in the low salinity region of the Narraguagus estuary for both the original pH and
dilution pH determinations. In 0 to 1 salinity region, the Narraguagus estuary exhibits a % O-Alk
above 100%. Implying that the T-Alk in this region is entirely comprised of O-Alk. Whereas in
the low salinity region of the St John (Fredericton) estuary, O-Alk only makes up at most 40% of
the T-Alk. Figure 6 outlines the difference in starting conditions for the Narraguagus and St John
(Fredericton) freshwater estuary endmembers. The Narraguagus estuary endmember had starting
pH of 4.16 ± 0.08 and DOC of 1241.85 ± 1.5 µmol kg-1 compared to the St John (Fredericton)
which had a starting pH of 6.92 ± 0.03 and DOC of 882.95 ± 1.5 µmol kg-1. In acidic estuaries
like the Narraguagus, low salinity buffering entirely depends on O-Alk which will be a factor of
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DOC source loading. Focusing in on the measurements taken at the head of each estuary in the
Cai et al. (1998) investigation, the Satilla estuary had a DOC of about 2000 µM and O-Alk up to
120 µmol kg-1. In the Altamaha and Savannah estuaries, DOC was much lower around 800 µM
and 400 µM and O-Alk values of up to 50 µmol kg-1 and 40 µmol kg-1, respectively. Similarly,
Kuliński et al. (2014) compared DOC and O-Alk measurements in of the Baltic Sea with those
the Vistula and Oder. The DOC measured in the Baltic Sea ranged from 313-340 µM with O-Alk
values ranging from 24 to 57 µmol kg-1. The O-Alk values of 265 µmol kg-1 and 184 µmol kg-1
for measured for the Vistula and Oder Rivers which had DOC concentrations of 505 µmol kg-1
and 613 µmol kg-1, respectively. If a link between DOC and O-Alk is indeed present as show in
the Cai et al. (1998) and Kuliński et al. (2014) studies where a higher DOC load resulted in
higher O-Alk, it would be expected that the Narraguagus estuary had a higher % O-Alk than the
St John (Fredericton) estuary as it had a higher DOC load.
In a different direction, when considering concentration of O-Alk, the St John
(Fredericton) exhibited significantly higher O-Alk than the Penobscot and Narraguagus for the
original pH O-Alk calculations. This significance however did not carry over for the O-Alk
values calculated from the dilution pH (Table 4).
Table 4: P-values for the comparison of the St John (Fredericton) estuary O-Alk values to
the Penobscot and Narraguagus.
Penobscot
Original pH

Penobscot
Dilution pH

Narraguagus
Original pH

Narraguagus
Dilution pH

O-Alk at 4.5

0.0009

0.0219

NA

NA

O-Alk at 4.0

0.0021

0.0300

0.0000

0.7265

O-Alk at 3.5

0.0021

0.1275

0.0002

0.4510

O-Alk at 3.0

0.0009

0.5397

0.0150

0.4104

The significantly higher concentration of O-Alk exhibited by the St John (Fredericton) estuary
when calculating from the original pH is likely due to pKas. To start, the St John (Fredericton)
could have entirely different pKas than those found in the Penobscot and Narraguagus estuaries.
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The availability of organics with different pKas for buffering could contribute to a higher
concentration of O-Alk in the St John (Fredericton). A second explanation for the higher
concentration of original pH O-Alk could be due to the contribution of more organic buffering
by higher pH pKas. In this scenario it is assumed that all three estuaries have the same pKas
present. High pH functional groups could possibly be present at the pKa of 6.64 as found by Cai
et al. (1998) or in the 5.31-5.45 and 7.05-7.32 pKa found by Yang et al. (2015). Since the pH of
the both the Penobscot (pH 5.22 ± 0.05) and Narraguagus (pH 4.16 ± 0.08) estuaries are lower
than those pKas, the organics would not be active for buffering in these estuaries but are
available in the St John (Fredericton). However, in the dilution pH scenario, where pH was
allowed to increase during estuary mixing, these high pH pKas become available for buffering in
the Penobscot and Narraguagus estuaries and increase O-Alk concentrations. The lack of
significance in difference of O-Alk concentrations between the St John (Fredericton), Penobscot,
and Narraguagus estuaries for the dilution pH determinations can be explained by this activity of
high pH pKas.
In addition to identifying the presence of high pH organic pKas in the titration range, this
investigation provided evidence of the influence of low pH pKas. O-Alk data for the 9 other
estuaries of this investigation for both the original pH and dilution pH mixing scenarios are
displayed in Figures 7 and 8. The trends highlighted by the St John (Fredericton), Penobscot, and
Narraguagus estuaries, such as the low salinity variability and non-conservative mixing behavior
of O-Alk are consistent across all 12 estuaries. It is important to note the difference in O-Alk
values, for all 12 sites, whether O-Alk is calculated to the equivalence point of 4.5 or 3.5.
Overall, the mixing trends for each estuary remain relatively the same switching from the O-Alk
calculated at 4.5 versus 3.5. However, the concentration of O-Alk shifts significantly higher
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when changing the equivalence point calculation from 4.5 to 3.5 (Table 5). For example, at the
salinity of 10 the O-Alk calculated at 4.5 and 3.5 from the original pH of the Penobscot estuary
was 19.204 ± 9.08 µmol kg-1 and 46.012 ± 16.69 µmol kg-1, respectively.
Table 5: P-values for the comparison of O-Alk concentration at the 4.5 and 3.5 equivalence points for all 12 estuaries.
Plea Narr Peno
Denn
Saco
Andr
Kenn
Aroo
SJF
SJGF
TOBI
SJPA
Original pH NA NA 1.00 E -4 2.49 E -5 2.00 E -4 4.43 E -5 7.40 E -7 7.30 E -7 2.45 E -5 9.24 E -5 2.59 E -5 8.46 E -2
Dilution pH NA NA 1.00 E -4 2.49 E -5 2.00 E -4 4.43 E -5 7.40 E -7 7.30 E -7 2.45 E -5 9.24 E -5 2.59 E -5 8.46 E -2

This increase in O-Alk can possibly be explained by the presence of low pH organic
pKas. The O-Alk values calculated at the 4.5, 4.0, 3.5, and 3.0 equivalence points for the estuary
freshwater endmember samples are displayed in Figure 9. The O-Alk values at 4.0, 3.5, and 3.0
are plotted against the O-Alk value at 4.5. If low pKa organics were not present, then the O-Alk
points should have fallen on the black 1:1 one. Since the O-Alk shifts higher with each
equivalence point step lower, this provides evidence of buffering by organics with low pKas
becoming active in lower pH regions. Paxeus and Wedborg (1985) found organic pKas of 2.66
and 4.21 in the Gota River in Sweden. While, in a multi-system investigation, Hruška et al.
(2003) found organic pKas of 2.50 and 4.42 in a Czech Republic stream, and 3.04 and 4.51 in a
Sweden stream. The presence and active buffering of low pKa organics such as these seen in the
Paxeus and Wedborg (1985) and in the Hruška et al. (2003) investigation may have contributed
to the increase in O-Alk when titrating to each equivalence point lower.
Dickson’s (1981) 4.5 equivalence point definition was designed to determine alkalinity
based off of inorganic species that have well defined pKas above 4.5. Organic species, however,
have a much wider range of pKa spectra and exhibit pKa behavior below and around 4.5 (Sharp
and Byrne 2020). It may be beneficial to re-evaluate the 4.5 equivalence point definition to better
include the contribution of organic species to alkalinity. If the 4.5 equivalence point definition is
used while titrating down to a pH of 3, T-Alk concentration will be underestimated because the
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contribution of O-Alk from low pH pKas will not be properly accounted for. Errors in
determining T-Alk will hinder carbonate system modeling of acidification in estuaries. The Hunt
et al. 2011 investigation found that by including O-Alk in T-Alk, it substantially lowers
calculated pCO2 to match measure conditions estuarine more closely. Another reason for the
possible re-evaluation of the 4.5 equivalence point definition would stem from the ability to be
more inclusive for different estuary environments. In Figure 7, both the Narraguagus and
Pleasant estuaries are missing from the O-Alk 4.5 data set because the starting pH of the
estuaries fell below the pH of 4.5 and did not allow for an O-Alk to be calculated at the 4.5
equivalence point. The 4.5 equivalence point definition may hold true for the open ocean, but in
acidic estuaries such as the Narraguagus or Pleasant, a 3.5 or 3.0 O-Alk equivalence point might
better serve our understanding of O-Alk and T-Alk in the estuarine community.
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CONCLUSION
This investigation looked to build a baseline for the behavior of O-Alk alkalinity in
several estuaries of the Gulf of Maine to improve our understanding for carbonate system
modeling. A simplistic endmember mixing approach was used to determine the behavior of OAlk with increasing salinity. O-Alk mixed non-conservatively with salinity for the 12 different
estuaries of this investigation and variability in O-Alk was observed in the low salinity region of
each mixing curve. The low salinity variability of O-Alk could possibly be attributed to the
behavior and influence of humic coated colloid particles. This investigation has shown that linear
estuarine mixing of O-Alk cannot assumed and must be considered non-conservative when using
carbonate system models. The use of a linear mixing curve of O-Alk will lead to over or
underestimation of T-Alk throughout an estuary. Future work must be directed at better building
the profile of O-Alk mixing with salinity throughout an entire estuary. This would include
considering the influence of lateral inputs of O-Alk from marshes or production of O-Alk from
photosynthesis in the estuary. Most importantly, it is essential to identify and better document if
humic coated colloid particles are indeed the source of the low salinity O-Alk variability seen in
this investigation. The link between humic acid comprised DOC and O-Alk and the discovery
that acidic and high DOC estuaries had a higher % O-Alk in this investigation provides evidence
in support of the theory that DOC is a source of O-Alk. The connection between DOC and O-Alk
in different estuary environments will need to be considered in carbonate system modeling.
Evidence was found of the presence of organic pKas in both the normal titration pH range
and low pH range. It is pertinent to identify organic pKas throughout the full titration range and
better document their influence on O-Alk to more accurately model acidification in estuaries.
The variance of different pKas from estuary to estuary or activation of pKas with pH change can
significantly differ the concentration of O-Alk in an estuary. Future work should be directed into
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better understanding titration behavior and accounting for the residual O-Alk in CRMs to
improve pKa modeling. Solving the pKa modeling problem will allow for organic pKas to be
identified and accounted for in O-Alk, T-Alk and carbonate system calculations. The likely
presence of low pH organic pKas and inability to be inclusive for multiple different estuary
environments as shown through this investigation may prompt a re-evaluation of the 4.5
equivalence point definition for determining O-Alk and T-Alk. Re-evaluation of the 4.5
equivalence point definition may yield a new equivalence point that can be universally applied
for the estuary community or provide an alternative approach that works with an unfixed
equivalence point. By improving the accuracy in situ T-Alk, DIC, pCO2, and pH measurements,
a fixed or fluid equivalence point that allows for carbonate system calculations to match know
conditions can be established. By achieving 2 out of the 3 outlined objectives, this study will
serve as a baseline for future investigations into O-Alk of estuaries of the Gulf of Maine. Only by
further improving the understanding of O-Alk and T-Alk can we better model and predict how
these essential ecosystems will withstand the threat of coastal acidification.
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